The deposition of cobalt-containing material from dicobalt octacarbonyl using a focused electron beam is reported. The material contains between 30% and 50% ͑atomic͒ cobalt, with the balance being carbon and oxygen, and comprises nanocrystalline metallic grains embedded in a carbonaceous matrix. Arches bridging two electrodes were fabricated to allow current-voltage ͑I-V͒ measurements to be conducted. The material resistivity decreases strongly with the deposition beam current, with values as low as 45 ⍀ cm being attainable. Material growth by indirect irradiation is found to give rise to material of high resistivity and can result in highly resistive arches. At low temperatures, three distinctive conduction regimes are observed, with the I-V characteristics flattening out at the origin. At 20 K step-like features suggestive of Coulombblockade effects were observed. Magnetic force microscope ͑MFM͒ images of the material indicates that it is ferromagnetic in nature. The application of the technique and material to fabricate MFM tips is demonstrated. The use of selective material deposits as catalyst sites for the growth of carbon nanotubes is also demonstrated.
I. INTRODUCTION
The deposition of material using focused electron-and ion-beam-induced chemical vapor deposition from a variety of precursors is a well-established technique. 1 The earliest work made use of ''contamination'' growth where stray hydrocarbons in the vacuum chamber adsorbed on the sample were cracked and deposited as carbonaceous material. Subsequently a diverse range of metal-containing materials has been deposited, including tungsten, 2-4 chromium, 2 iron, 5 palladium, 6 nickel, 7 platinum, 8, 9 copper, 10, 11 molybdenum, 10, 12 and gold. 13 Inorganic precursors include volatile halides, while organometallic precursors include carbonyls and fluoro-acetylacetonoates among others. Materials deposited from organometallic precursors using energetic electron and ion beams tend to result in the incorporation of a large percentage of carbon and other elements from the precursor. Depending on the precursor and deposition conditions, the metal content ranges from a few to several tens of atomic percent ͑at. %͒, but rarely exceeds 50 at. %, although the metal content does increase at high temperatures. The result of this is that the conductivity of such material rarely approaches the bulk metal values. On the other hand, deposition using low-energy electrons from scanning tunneling microscope ͑STM͒ tips is found to provide high metallic content, of up to 95% in the case of deposition from Ni͑CO͒ 4 . 7 Nevertheless, deposits formed by electron-beam-induced deposition with a relatively high percentage of nonmetallic content exhibit interesting physical properties as a result of their microstructure. 10, 14 It has been observed that low beam currents deposit amorphous material, while polycrystalline material is obtained with higher beam currents. 12, 15 Such polycrystalline material is made out of metallic nanocrystals embedded in a carbon-like matrix. The conductivity of the material is then determined by the tunneling of electrons between metallic islands. 12 Poole-Frenkel conduction and variable-range hopping have both been observed. 13 Few studies have been reported on material containing magnetic metals deposited by electron beams. If the microstructure consists of embedded nanocrystalline grains, there is a possibility that the material will exhibit tunneling magnetoresistance behavior of a granular magnetic system. This work studies the deposition of cobalt-containing material from dicobalt octacarbonyl, Co 2 ͑CO͒ 8 , using an electron beam. In particular, the electrical conductivity of the material is of interest and arch structures bridging two electrodes were fabricated to facilitate current-voltage ͑I-V͒ measurements. The I-V characteristics at low temperatures are found to exhibit unusual behavior, with prominent step-like features at 20 K. The deposited material, which contains up to 45 at. % Co, is also found to be ferromagnetic, and the use of the technique to fabricate a magnetic force microscope ͑MFM͒ tip is demonstrated. Finally, the cobalt-containing material can be exploited as selective catalyst sites for the growth of carbon nanotubes.
II. EXPERIMENT
Electron-beam-induced depositions are carried out in a Philips XL30 FEG environmental scanning microscope ͑ESEM͒ equipped with a beam blanker. The ESEM is operated in the high vacuum mode in order to minimize the inclusion of hydrocarbon contamination into the deposits. The pressure limiting apertures used for the ESEM mode of operation are kept in place to minimize the flow of the gaseous precursor into the electron column. The Co 2 (CO) 8 precursor is vaporized externally and introduced via a tube into a mia͒ Electronic mail: elettl@nus.edu.sg crochamber placed in the ESEM specimen chamber during deposition. The microchamber was designed with a concentric nozzle so as to direct the gas at the substrate which is maintained at room temperature throughout. A 2 mm diameter hole allows transmission of the primary electron beam and secondary electrons to escape for imaging while minimizing the flow of gas into the main ESEM chamber. The Co 2 ͑CO͒ 8 crystals are stored in a temperature-controlled canister that is kept at a temperature between 30 and 45°C during deposition to vaporize the Co 2 ͑CO͒ 8 crystals at a rate sufficient to maintain a steady gas flow through a dosing valve into the ESEM chamber. The dosing valve and the gas delivery system are heated up to prevent condensation of the Co 2 ͑CO͒ 8 . The ESEM chamber pressure is pumped down to a base pressure of better than 10 Ϫ6 mbar for several hours before the admission of the precursor. Under such conditions, the growth of contamination that could be detrimental to the quality of the deposited material 16 is found to be negligible. The gas flow into the system is controlled by monitoring the chamber pressure which is set in a range typically between ͑3.0 and 6.0)ϫ10 Ϫ5 mbar. Based on the gas throughput, the corresponding average microchamber pressure is estimated to be 0.05-0.1 mbar.
III. RESULTS AND DISCUSSION

A. Growth characteristics
The growth of the deposits was characterized in terms of the height, base diameter, and volume growth rates. Using a vector pattern generator connected to the ESEM, a series of columns ͑dots͒ were deposited for times ranging from 3 to 180 s, beam currents ranging from 180 pA to 13.5 nA, and beam energies between 15 and 30 keV. The deposits are columnar in structure ͑Fig. 1͒ and increase in height linearly with time ͑Fig. 2͒; an initial growth rate of 56 nm/s is obtained for a beam current of 2.28 nA at 25 keV beam energy and a chamber pressure of 3.5ϫ10 Ϫ5 mbar. The beam spot diameter is estimated to be less than 50 nm and slight defocusing does not appear to affect the growth rate significantly. However, the height growth rate tapers off after achieving a height of several microns due to the reduction in current density as the electron beam defocuses significantly when the tip of the deposited column moves out of the depth of field. This is readily evident from the diameter of the column which enlarges with increasing column height beyond a few microns.
Aside from the problem of beam defocus, beyond the initial stages of growth, the midsection diameter of the columns reaches a steady state. A column typically has a slightly wider base, followed by a cylindrical midsection, and tapers towards the rounded tip. The base diameter is found to be relatively independent of beam current provided the beam is well focused, but is dependent on the beam energy. Although the electron range at 25 keV in the bulk cobalt containing material is several microns, due to the thin columnar nature of the deposit, most of the scattered electrons would leave the column through the side near the tip. Higher beam energies lead to wider columns as a result of a larger penetration range of the primary electrons undergoing very small scattering angles along the length of the column. This results in the generation of secondary electrons by the forward and backscattered electrons to a greater depth along the column compared to the case of a lower energy beam with shorter forward scattering range. The nature of deposit growth may be expected to be similar to the contamination growth model described by Hren et al., 17 where the source of hydrocarbon molecules being broken down by the beam originates from adsorbed molecules on the substrate surface migrating to the irradiated area and from molecules from the ambient adsorbed directly on the deposited material. Hoyle et al. 15 attributed the growth of deposited material to decomposition by secondary electrons. Accordingly, for a given electron dose, a ''cap'' of material gets deposited onto the existing material, the distribution of which depends on the secondary electron emission along the length of the column. At lower beam energies and thus shallower penetration into the column, the amount of material deposited along the outer sheath of the column is less further down the column, and this results in a thinner column ͑Fig. 3͒. The base is inevitably larger due to the greater amount of material deposited from the beginning while the column is still short.
The decomposition and growth of material on the substrate by secondary electrons generated by backscattered electrons around an irradiated point is clear from Fig. 4 . In another experiment, further growth of an existing column, albeit slow, can be induced by irradiating a neighboring point within the backscattering radius. However, the existing column not only grows in height, but it also enlarges laterally since the backscattered electrons and other secondary electrons now emerge from the base of the column. This is readily apparent when an array of columns is grown in close proximity; in Fig. 5 , the first deposited column on the top left ends up considerably wider than the last deposited column on the bottom right corner. Figure 5 also shows a high density of small islands of material in the area surrounding the array. The material forming these islands has a low metal content ͑8 at. % Co, 72 at. % C, 20 at. % O͒ in contrast to the much higher metal content found in the deposits formed by direct irradiation with a high current density beam, as discussed below.
Such material growth by indirect irradiation has certain implications when it comes to the construction of arches ͑Fig. 6͒ by alternate irradiation of two columns to construct a free-standing conducting bridge. 8 It is known that the conductivity of material deposited by electron beams is highly dependent on the deposition beam current. Under otherwise identical deposition conditions, a high current beam can produce material that is orders of magnitude higher in electrical conductivity compared to what is deposited at lower currents. In irradiating one of the two columns, a small amount of poor conductivity material also grows on the nonirradiated column. Hence if the beam dwell on one column is too long before it irradiates the other, a substantial layer of poor conductivity material would have grown on the nonirradiated column and such layers would ultimately dictate the conductivity of the arch. With much shorter dwell times ͑Ͻ1 s͒, it is found that the arches formed in this manner are of good conductivity, whereas arches grown with dwell times of Ͼ10 s are practically nonconducting.
B. Composition and microstructure
Energy-dispersive x-ray spectrometry ͑EDS͒ analysis was performed on materials deposited at 15 and 25 keV beam energies to determine the effect of acceleration voltage and beam current on the metallic content. Cobalt carbonate ͓Co͑CO͒ 3 ͔ was used as a light element reference for EDS, and to minimize contamination during analysis the samples were pumped down for several hours at the base pressure of the chamber. Rectangular structures comprising arrays of closely spaced columns of 1 m height and solid blocks of 2ϫ2 m 2 square-based deposits of 1 to 2 m thickness were fabricated for EDS analysis, it was found that the exact manner and shape in which the deposits were fabricated does not significantly affect the material composition.
The Co content is found to increase with beam current and can be attributed to a number of processes. One contributing factor is the local temperature rise at the deposition tip as a result of beam heating. 12 This is readily demonstrated in the case of deposition carried out with cobalt tricarbonyl nitrosyl ͓Co͑CO͒ 3 NO͔ as a precursor, where irradiation on a deposited column beyond a certain height results in thermally induced catalytic decomposition 5 to form spherical deposits on the column as a critical temperature is attained once the heat conduction path down the column gets too long ͑Fig. 7͒. At elevated temperatures, desorption of the carbonyl groups and other carbonaceous remnants is enhanced, thereby reducing the carbon content. Another contributing factor to higher metal content at high beam currents is the increase in the electron flux relative to the gas flux, and hence the incidence of a molecule interacting with an electron and being converted to the final product increases. 18 With 1.6 nA beam current at 25 keV, the deposits from Co 2 ͑CO͒ 8 contain 35Ϯ5 at. % Co, while at 10.7 nA the Co content rises to 45Ϯ5 at. %. The balance of the composition comprises carbon and oxygen in roughly a 3:1 ratio. The increase in metal content of electron-beam-deposited material with increasing beam current has been reported in previous works. The inverse dependence of metal content on the deposition beam energy has also been noted by Hoyle et al. 19 At 4.5 nA beam current, over 45 at. % Co content could be obtained at 15 keV, while the metal content is consistently smaller at around 35-40 at. % at 25 keV. It is noted that the metal content obtained from Co 2 ͑CO͒ 8 is relatively high compared to previously reported figures for electron-beaminduced deposition from other organometallic precursors, with typical values of less than 20 at. %, although 75 at. % tungsten has been reported 4 for W͑CO͒ 6 . A JEOL 2010 200 keV transmission electron microscope ͑TEM͒ was used to determine the microstructure of columns deposited at 45°inclination on a TEM grid bar. The morphology and diffraction pattern at the column tip ͑4.5 nA, 25 keV deposition conditions͒ are shown in Fig. 8 . Near the apex of the deposit, where the material is sufficiently thin for electron-beam penetration, the material is seen to be polycrystalline beneath an amorphous overlayer that could possibly be contamination or oxidized material. The diffraction pattern ͓Fig. 8͑b͔͒ shows three diffraction rings corresponding to the lattice spacing of 0.202, 0.107, and 0.126 nm. This is in good agreement with the values for the ͑002͒, ͑112͒, and ͑110͒ lattice planes, respectively, of crystalline Co. The polycrystalline grains are expected to be Co embedded in a carbon-like matrix. Such a microstructure would coincide with that typically observed for material deposited from organometallic precursors. 
C. Electrical properties
Resistance measurements are carried out both at room temperature and at low temperature to study the effect of temperature on the electrical conductivity of the deposited materials. The test structures deposited are arches connecting two electrodes ͑Fig. 6͒ and the material resistivity is determined from the two-point resistance measurement and the estimated length and cross-sectional area of the arch. The resistance values were obtained from current-voltage ͑I-V͒ measurements using a HP4155B semiconductor parameter analyzer operated over a voltage sweep range of less than Ϯ10 mV. Over this range of voltages, the I-V characteristics showed ohmic behavior at room temperature. The arches were deposited at 25 keV beam energy over a range of currents from 183 pA to 10.7 nA and typically have a length of 6-8 m.
The arches showed a wide spread in resistivity of a decade or greater at any given deposition beam current, and at 183 pA some of arches were effectively nonconducting. The general trend observed is the strong increase in conductivity with deposition current, the conductivity increases by five orders of magnitude as the deposition current increases from 183 pA to 10.7 nA ͑Fig. 9͒. The lowest resistivity measured is 159 ⍀ cm which is ϳ25 times the value of 6.34 ⍀ cm for bulk cobalt. Such strong dependence on deposition current in gold-containing material has been previously reported by Koops et al., 1 who also observed that at sufficiently high currents, the material resistivity reaches a minimum value that is no longer dependent on beam current. The decrease in resistivity with deposition current results from the increase in metal content and change in distribution of the metallic nanocrystals, but reaches saturation as the process becomes gas-flux limited at sufficiently high currents.
The measured resistivity appears to be highly sensitive to deposition conditions to the extent that two arches deposited consecutively under apparently identical conditions could give rise to very different resistivities. This sensitivity is due to the growth of material on the nonirradiated leg of the arch due to intercepted secondary electrons from the irradiated leg, or from secondary electrons generated by backscattered electrons, during the alternate irradiation of the two legs, as discussed above. As a result, layers of poor conductivity material alternate with material formed by direct irradiation. The low-conductivity material can thus dominate the resistivity of the arch if it is thicker than tunneling distances. With shorter irradiation dwell times on each of the legs, the arch resistance is consistently lower, while longer dwell times lead to erratic resistance spread and sometimes nonconductive arches. Further evidence comes from the resistance measurement of a single column/tip grown by continuous irradiation on a gold-coated contact-mode atomic force microscope ͑AFM͒ tip. The resistance of the deposited tip was measured by contacting the AFM tip onto a gold-coated silicon wafer to complete a circuit. This measurement yielded a resistivity of around 45 ⍀ cm which is lower than attainable using the arch structure.
Temperature dependence of conductivity
Given the likely microstructure of the deposited material, its electrical conduction behavior is expected to follow that of a granular system. Although with a greater volume fraction of cobalt, a metallic network will form, there is no evidence of such a consequential sharp increase in conductivity with deposition current ͑Fig. 9͒ for the material deposited under such conditions. Furthermore, resistance measurements of low-resistance bridges at temperatures between 25 and 80°C show a negative temperature coefficient of resistivity which suggests that the conduction path is not a metallic network even for the lowest resistivity material deposited. For low-resistance bridges, the I-V characteristics are linear for small biases. However, it was not possible to obtain I-V plots with voltage sweeps of more than a few tens of mV since high currents through the arches vaporized the structure.
To understand the conduction mechanism in the deposited material, low-temperature I-V measurements were instead conducted on arches with intermediate resistance values, typically of the order of a few tens to hundreds of k⍀. At all temperatures measured ͑200-20 K͒, the current is found to rise steeply for voltages beyond ϳ2.2 V ͓Fig. 10͑a͔͒. At low temperatures there is pronounced flattening of the I-V curve at low biases.
Previous studies by Koops et al. 13 on platinum-containing material deposited by electron-beam-induced deposition had shown that the conductance of such material can be described by the Poole-Frenkel formula. For Poole-Frenkel conduction, the conductance G is related to the electric field
where ␤ PF is the Poole-Frenkel constant, k is Boltzmann's constant, T is temperature, and ⌽ is the activation energy for Poole-Frenkel conduction. Hence a plot of ln G versus ͱV should be linear while ln Gϰ1/T. For the Co deposit in this work, a plot of ln G versus ͱV ͓Fig. 10͑b͔͒ shows three distinct conduction regimes, which become more pronounced at low temperatures. At low biases ͑below ϳ0.7 V͒ the conductance shows a temperature dependence at a fixed bias of ln Gϰ1/T ␥ , where ␥ϭ0.087. The exponent is too small for variable range hopping to be the dominant mechanism. A more detailed I-V sweep near the origin ͑Fig. 11͒ shows some step-like features that are more prominent at 20 K which may indicate the presence of Coulomb-blockade effects in the conduction. However, it is likely that several conduction mechanisms are at play in the material and the carbon-like matrix in which the metal grains are embedded may contribute a parallel conduction path, all of which makes it difficult to determine the exact nature of the conduction mechanisms involved. Magnetoresistance measurements conducted at room temperature and at 20 K showed highly erratic behavior, with resistance changes in the order of a few percent. Further studies will be needed to examine the magnetoresistance behavior more closely.
Current annealing
As noted above, some of the arches deposited at relatively high currents of a few nA but with long dwell time are of poor conductivity. Nonconducting arches ͑with resistance values in the tens of G⍀ range͒ were continually stressed by sourcing and sweeping the current range in increasing values from Ϯ100 nA to Ϯ10 A, as constrained by the voltage compliance limit of the parameter analyzer. As the samples were stressed, the I-V characteristics were observed to change from a high-resistance state, to an ''S'' shaped curve. The behavior at small biases ͑Ͻ0.1 V͒ is ohmic in nature, but the current rises steeply at higher biases. Further stressing causes the resistance to drop further, but the nonohmic behavior at higher biases remains. Similar behavior was obtained for arches with pristine resistance values in the tens of megaohm range. By passing large currents through the material very large power densities are dissipated and it is likely that conducting paths have formed where there was none previously in the interleaving semi-insulating layers in the arch structure. 
Low-temperature behavior
To study the low-temperature conductivity behavior of the material, arch samples of intermediate conductivity were measured at temperatures ranging from 250 to 20 K. The measurements were conducted on a bonded die in a helium cryostat and I-V measurements were recorded at temperature intervals after the temperature had stabilized. Characteristic ''S'' shaped I-V curves were obtained over a voltage-sweep range of Ϯ2.5 V, showing the general reduction in conductivity at lower temperatures. More detailed examination of the I-V curves over a range of Ϯ25 mV shows the appearance of Coulomb steps in the I-V curve at 77 K, and which become more pronounced at 20 K ͑Fig. 11͒.
In the experiments carried out, the deposited materials show signs of exhibiting Coulomb blockade. However, there is no distinctive Coulomb blockade effect due to the large structure of the deposited arches, with a conduction path length of about 12 m and a diameter of ϳ500 nm. The Coulomb blockade effect is smeared out when there are many conduction paths formed, which would also account for the absence of a flat central region ͑threshold͒ in the low temperature I-V characteristics. There is also the possibility that the carbonaceous matrix the metal grains are embedded in has significant conductivity.
D. Magnetic properties
Magnetic measurements were conducted by means of the magnetic force microscopy ͑MFM͒ mode of the scanning probe microscope ͑SPM͒. Due to the sensitivity of the MFM mode to topographical features, MFM imaging was performed on a large and flat rectangular block of deposited material. The surface of the deposited material has a topography variation of no more than 20 nm over a distance of ϳ1 m. The MFM image ͑Fig. 12͒ shows magnetic contrast with domain sizes in the range of 120-150 nm. Some but not all of the domains appear to be related to topographical features in the AFM image. If the microstructure were composed of cobalt nanocrystals with sizes below the superparamagnetic limit, such domains are the result of exchange coupling between adjacent nanocrystals, which is sensitive to the distribution and spacing between nanocrystals.
The ferromagnetic nature of the deposit can be exploited in fabricating MFM tips. The tips, deposited on a standard etched silicon ''tapping-mode'' tip ͑Fig. 13͒, demonstrate the usual advantages of high aspect-ratio tips in scanning samples with great relief and also the ability to carry out MFM imaging ͑Fig. 14͒. 
E. Catalyst for carbon nanotube growth
Iron, nickel, and cobalt are used as catalysts for the growth of carbon nanotubes ͑CNTs͒ via thermal chemical vapor deposition ͑CVD͒. Where patterned growth of CNT arrays is required, the catalyst film is typically patterned via a conventional lithographic process. Electron-beam-induced deposition of cobalt provides an alternative route to putting down small islands of cobalt catalyst. In a demonstration of this technique, a small amount of the cobalt-containing material was deposited on titanium metallization on a silicon die and subjected to CNT growth in acetylene at 5 mbar pressure at 800°C for 5 min without prior treatment of the deposited material. Multiwalled CNTs were found to grow at the location of the deposits ͑Fig. 15͒, but also occasionally at other locations on the die. The latter is due to the layer of cobalt carbonyl generally adsorbed on the die surface area during electron-beam-induced deposition.
